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ABSTRACT
A S02 tolerant Pt-Rh/mordenite catalyst has successfully been developed for low
temperature Selective Catalytic Reduction (SCR) ofNOx to N2using H2reductant to
treat stationary emission sources. The poisoning mechanism ofS02 on pure Pt particles
and the poison-resistance ofbimetallic platinum-rhodium particles were investigated by
scanning transmission electron microscopy (STEM) and energy dispersive x-ray
spectrometry (EDX). The analytical data was correlated with catalytic SCR reactivity
studies using H2. The deactivation over pure Pt/mordenite catalysts in the presence of
S02 was due to the preferential interaction between gas phase S02 and the active catalytic
platinum sites. The Pt-Rh interaction in the bimetallic system has been shown to
significantly reduce such Pt-S interactions on adjacent active platinum sites. Possible
reasons for such properties include the formation ofPt-Rh (or Rh oxide) clusters that
exhibit geometrically more favorable configurations (ensemble effect) for sulfur
tolerance, or the generation of sites that are more active, or the reduction ofPt affinity
towards S02 caused by metal-metal bonding interaction between Pt and Rh metal atoms
(ligand effect).
The'degree ofPt-Rh interaction is highly dependent on the calcination
temperature during the initial platinum exchange onto the mordenite support material.
Catalysts treated at higher calcination temperatures tended to form more platinum
enriched particles, in addition to larger size particles, and were shown to possess higher
NOx reduction capabilities in the presence ofS02and H20 under net oxidizing
conditions (excess oxygen present).
1.0 INTRODUCTION "
Oxides ofnitrogen are generated during the combustion offossil fuels, and the
quantities ofthese oxides are dependent on the fueltype, nitrogen content in the fuel,
residence time during combustion, and the temperature at which the combustion takes
place. The formation ofNOx attributed to the nitrogen in the fuel is referred to as 'fuel
NOx' and the NOx from combustion processes at elevated temperatures is known as
'thermal NOx'. Also, minor quantities ofNOx can be formed by reaction ofmolecular
nitrogen with hydrocarbons in the early stages ofthe flame front generated in the
combustion process, and this form is referred to as 'prompt NOx' [1].
Selective Catalytic Reduction (SCR) using NH3 as the reductant is well suited for
controlling NOx emissions from stationary power sources and various chemical plants.
Several SCR catalyst technologies for NOx abatement from coal boiler flue gases are
commercially available at present, which operate at medium (260-450 °C) and high
temperature (>450 °C) based on vanadia and supported metal zeolites [2-4], respectively.
However, while commercial catalysts are available for low temperature (170-250 °C)
using NH3 based SCR, implementation ofsuchtechnologies has not occurred for coal
boiler flue gases. The primary problem is catalyst deactivation due to the formation of
ammonium sulfates, (i.e. NH,JIS04, (NH4)2S04), during low temperature «300°C)
processing ofgas streams containing both S02 and H20 [5-7], which are typically present
in relatively high concentrations
Therefore maily recent studies have focused on using reductants other than NH3;
i.e., CO, H2, hydrocarbons [8-13]. These studies have been extensively reviewed in a
recent article [14]. For low temperature applications, noble metals have been preferred
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because oftheir high intrinsic activities at low temperatures. Studies conducted by Shelef
and Gandhi [15] indicated that for the NO-Hz system, catalytic activity followed the order
Pd>Ru>Pt>Os in decreasing order. While Taylor [16] and Kobylinski et al: [17]
indicated the following order for activity: Pd>Pt>Rh>Ru. More recently Burch et al. [18]
found that metal-exchanged ZSM-s (Pt, Rh, Co, Cu), in the reduction ofNO with
hydrogen, exhibited the following ranking ofactivity: Pt>Rh>Co>Cu>H-ZSM-s.
However, one ofthe major problems associated with these noble metal catalysts is their
lack ofsulfur tolerance in the presence of SOz, a species typically present in high
concentrations (200-2000 ppm) in flue gas streams from stationary power sources [6]. It
has been reported in the literature that sulfur tolerance for platinum catalysts may be
improved by selection ofan acidic support [19, 20] and by Pd addition [21-26]. Liao et
al. [27] showed that a S02 poisoned bimetallic catalyst (8Cu 92Pt, total metal loading of
1 wt.%) was more active than monometallic Pt·after S poisoning during CO oxidation
studies. More recently, Huang et al. [28] reported a Pt-Rh/TiOz/Ah03, used as an
automotive NOx storage-reduction catalyst under alternating lean-rich cycles, to be
highly resistant to S02 (100 ppm) and HzO (2.3%). All these supported metal catalysts
exhibited higher tolerance for sulfur in bimetallic form.
Various processes involved in the preparation ofsupported metal catalysts
strongly influence the final catalytic performance and various operating variables as
discussed in a recent review by Pinna, [29]. Pinna identified the methods ofmetal
I
loading (i.e. impregnation, ion-exchange, coprecipitation, deposition-precipitation),
drying, calcination, and reduction as the most influential. In addition, it has been
extensively reported in the literature that both the decomposition mechanism ofthe Pt
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precursor during the calcination over various zeolites and particularly the calcination
temperature strongly influence the final average particle size (dispersion), structure, and
location ofthe particles formed [30-37].
Previous studies from our group have shown that Pt-Rh catalysts on alumina
exhibit high activities for NO reduction with H2 [38, 39]. These studies were also
accompanied by microstructural characterization using 8TEMlEDX analysis tools, which
were shown to be powerful techniques for identifying structural characteristics ofactive
catalysts in investigations ofthe influence ofpretreatment on bimetallic catalytic systems
[40,41].
. The work presented here lOOto the successful development ofhighly active Pt-
Rh/mordenite catalysts for low temperature 8CR ofnitric oxide from stationary emission
sources containing high levels 802 (1600 ppm) and moisture under excess oxygen. The
detailed steps involved with the development ofthe current catalytic system are provided
in the Appendix. However at present, very little is known about the nature and
mechanism ofthese sulfur resistant bimetallic particles or the preparation variables that
influence the formation ofsuch.
The objectives ofthe present work were focused on two main aspects:
1. To elucidate the 802tolerant nature ofthe bimetallic Pt-Rh/mordenite catalysts
relative to the monometallic Ptlmordenite catalyst and gain insight into the
mechanism by which this phenomenon occurs.
2. To determine the influence ofthe calcination temperature, ofthe initial Pt
exchange onto mordenite during the preparation ofPt-Rh/mordenite catalysts, on
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the formation and composition ofbimetallic particles and on the catalytic activity,
N20 selectivity, and sulfur tolerance.
It is hoped that the fundamental information gathered from these studies will
generally benefit those in need ofaddressing sulfur poisoning in noble metal catalytic
systems and to provide the basis for sulfur tolerance improvement.
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2.0 EXPERIMENTAL
2.1 CATALYST PREPARATION
For the preparation ofmost ofthe catalysts, a commercially available Na-
Mordenite (UOP, 1/16" pellet), containing approximately 20 wt% alumina as a binder,
was used as the support material. Monometallic Ptfmordenite catalysts were prepared by
ion exchange ofthe support with aqueous solutions oftetraammineplatinum (If) nitrate
(99 %, Strem Chemicals). A known weight ofthis precursor, based upon the estimated
amount ofnoble metal desired, was completely dissolved into 1000 ml ofdistilled water
in a beaker. The support material was then added to the prepared exchange solution
while stirring constantly at room temperature for 12 hr. To reduce attrition ofthe
mordenite, contact between the pellets and the magnetic stirrer bar was avoided by
placing the magnetic stirrer bar inside a smaller secondary beaker, keeping the support
material on the outside ofthis secondary beaker. The exchange solution was then drained
offand the solids rinsed thrice with 500 m1 ofdistilled water per wash. When preparing
catalysts with powdered support materials, the excess exchange solution was removed
using a Buchner funnel where the exchanged support material was rinsed under the same
procedures as for the pellets. The exchanged catalyst was then air dried at room
temperature for 24 hours and further dried at 85 °c for 12 hours. The:final calcination
was then performed under a stagnant air atmosphere between 325-500 °c for 12 hours.
The bimetallic Pt-Rh catalysts were prepared by further exchanging the Pt-
monometallic catalysts with identical procedures using rhodium (TIl) chloride hydrate (99
% Rh, Strem Chemicals) as the precursor. A detailed summary ofeach catalyst used in
this study is provided in Table 1. All samples shown in Table 1 except the Pt-Rh-Mor5
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sample contained approximately 20 wt.% ofalumina (used as a binding material) since
they were prepared with mordenite pellets, either directly into pellet form or into powder
by grinding the pellets and then performing the exchange procedures. Also, the Pt-Rh-
Morl sample was prepared by further exchanging the Pt-Morl sample with Rh and
therefore the Pt loadings on both catalysts were identical. Samples, PSD13R, PSDI4R,
and PSD15R were prepared to determine the. effects ofthe Pt calcination temperature on
bimetallic Pt-Rh/mordenite counterpart. To isolate the effects ofonly the Pt calcination
temperature, all three samples were prepared from a common Pt exchanged mordenite (Pt
loading identical) that had been separated prior to Pt calcination. These monometallic
samples were then calcined at 350°C (PSD13R), 425°C (PSDI4R) and 500°C
(PSDI5R). The Rh exchange on each sample was performed separately but under
identical conditions (same Rh loadings and Rh calcination temperature) to yield similar
fmal bulk concentrations. The final bulk concentrations for Pt and Rh among these three
samples were very similar [Table 1].
2.2 CATALYST REACTIVITY
All catalytic reactivity (catalyst activity and selectivity) experiments were carried
out in a vertical down-flow reactor at approximately ambient pressure. The reactor, made
ofquartz with a porous glass fritted disc in the middle, was 0.5 m in length with O.D. and
LD of 11 and 9 mID, respectively. A schematic ofthe reactor system is shown in Figure·
1.
Each ofthe gases, except for the addition ofmoisture, was fed into the reactor gas
mamfold and controlled by separately calibrated gas flowmeters held at constant pressure
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by a back-pressure regulator. A typical reactant mixture for runs free ofmoisture and
S02 consisted of400 ppm (dry) NO, 0.72 vol% H2, 5 vol% O2, 13 vol% CO2, and the
balance ofN2. When testing for the influence ofmoisture, 8 vol% moisture was added to
the blended dry gas stream. For studying the effects ofthe addition ofsulfur dioxide,
100-800 ppm ofS02 was added in addition to the moisture. These gas compositions
were chosen to mimic typical flue gas.
The NO, H2, S02 were certified mixtures in N2 (Air Gas), while CO2(Scotts
Specialty Gases) and O2(Air Gas) were added as pure gases. When water was injected
into the gas mixture, it was fed by means ofa high-pressure pump (ISCO Inc., MODEL
No. 314 metering pump) into the pre-heater zone prior to entering the reactor. Chromel-
alumel (K-type) thermocouples were placed longitudinally in the catalyst bed section as
well as in the pre-heater and post-heater sections to continuously monitor the temperature
at different locations throughout the reactor system. The pre-heated and post-heated
sections ofthe reactor system were kept at ISO °C to prevent moisture and sulfuric acid
from condensing within the system. Glass wool was used to support the catalyst bed and
was adjusted such that the thermocouple for the bed temperature would be measuring
temperatures at the center ofthe catalyst bed. The total gas flow rate was monitored by
bubble meters, which were used to initially calibrate the flowmeter settings for each gas.
Prior to any analysis ofgas compositions, moisture in the effluent stream was removed
using a cold-water trap operating at approximately 10 °C. In the exit stream, NO and
N20 concentrations were determined by a Siemens Ultramat6 (Mode17MB2121)
analyzer equipped with a non-dispersive infrared (NDIR) detector.
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The catalyst to be tested was first loaded into the quartz tube reactor and then the
reactor tube was placed inside the tubular furnace. The furnace was heated to bring the
reactor to the desired temperature for the.run while the dry b~sis gas mixture was
introduced. The temperature ofthe bed was maintained constant by controlling the
furnace temperature using an Omega PID controller. After allowing for the temperature
ofthe catalyst bed to attain steady-state, indicated by the axial thermal couple located in
the middle ofthe catalyst bed, the outlet concentration readings for both NO and N20
were collected from the Siemens Ultramat6 NDIR analyzer. After the initial data point
was obtained, the temperature ofthe furnace was changed to the next temperature of
interest, and subsequent measurements were taken in this manner. However, when total
flow rates or gas compositions were changed, a two-point concentration calibration was
conducted on the IR instrument by measuring only the flow ofthe gas under
consideration in the pure N2diluent. Typically, a calibration would be conducted
between the maximum and minimum concentration levels of interest (between a pure N2
flow and a known certified mixture under identical flow rates). Data obtained from these
steady-state experiments were recorded in lab notebooks. The NO conversion and N20
selectivities were calculated as,
NO C . (0/) 100 (Inlet NO concentration -Outlet NO concentration)onverSlOn 10 = x-'-------------------'--
Inlet NO concentration
N
2
0 Selectivity (%)= 100 X (2xTotalnumber of moles N20 formed)
Totalnumber of moles NO converted
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2.3 ELECTRON MICROSCOPY AND STEMIEDX ANALYSIS
Analytical electron microscopy was performed using adedicated scanning
transmission microscope (STEM)(VG Microscopes HB-603) equipped with an EDX
system with a windowless Si (Li) detector (Oxford Link Systems: AN 10,000 x-ray
analyzer). The microscope was operated at 300 kV and under conditions that provide a
probe size ofapproximately 2 nm in diameter (full width at 10th maximum intensity). X-
rays were collected using a Si (Li) energy dispersive spectrometer and analyzed. For
subtraction ofthe background under the x-ray peaks this system utilizes a top-hat filter
and subsequently deconvolutes the intensity ofeach peak by finding the best fit against a
stored library ofx-ray families for each element.
The STEM samples used for analysis were prepared by grinding the catalyst
material with a mortar and pestle, drying in a furnace at 85°C approximately for 8 hours;
and then electrostatically attracting the finest shards ofthe catalyst material onto a Cu
grid coated with a holey carbon film (Ted Pella Inc., CAT #609). To minimize
hydrocarbon contamination, the specimens were loaded into the microscope vacuum 12
hours before they were examined.
Micrographs ofcatalyst particles were obtained in STEM mode using the annular
dark-field detector at magnifications between 200K-2Mx. Annular dark-field (ADF)
images are especially well suited for these types of analyses because they provide high
contrast images. The high contrast observed in these ADF images ofthe metal particles
(Pt, Rh) relative to the support (which mostly consists ofAI, Si and 0), is caused by the
increased Rutherford scattering ofelectrons in the metal particles (when observing the
thin areas (10-50 nm) ofthe specimen) [42]. And because the ADF detector is capable of
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collecting most ofthese scattered electrons, they provide high contrast images with less
noise compared to those oftypical TEM single-beam dark-field images. Also, since the
STEM image is formed without the use ofelectromagnetic lenses after the specimen, the
ADF images do not suffer from significant chromatic lens aberrations [43]. The size of
the particles was determined at magnifications above IMx by direct measurements from
the CRT (cathode ray tube) screen with a ruler. Calibrationofmagnification was
performed using a graphitized carbon sample (0.34 nm line-to-line) calibration grid prior
to analysis. The contrast at these high magnifications was generally poor, and therefore
the measured particle diameters must be considered only as approximate.
For EDX analysis, areas of interest containing individual metal particles were first
identified and selected under annular dark-field imaging. Observing only thin layers (l0-
50 nm) ofthe mordenite support simplified the detection ofmetal particles. Sample
regions that were thin and facing towards the x-ray detector were preferentially selected
for analyses to improve x-ray counting statistics by reducing spurious x-ray generation
and by increasing the x-ray collection efficiency. To minimize the impact ofsampling
bias, the number ofmetal particles selected for analysis on each shard ofmordenite was
limited to 5. In addition, a range ofsizes for analysis was selected. It was intended for
such analyses to examine the relationship between the particle size and composition
rather than to obtain a truly representative particle size distribution ofthe catalysts. The
EDX signals ofthe Pt-Rh particles were then obtained under spot STEM mode, by
positioning the electron beam on the selected particle and accumulating x-ray spectra for
100 live counting seconds. Every 10 seconds the EDX spectrum accumulation was
stopped and the microscope returned to imaging mode in order to correct for particle
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drift. The platinum La (9.441 keV) and rhodium La (2.696 keV) peaks were used for
quantification ofplatinum and rhodium, respectively. The raw net x-ray counts above
background intensities were used in the Cliff-Lorimer formula [42, 43] given as:
(1)
where ex is mass fraction ofelement within a metal particle and Ix is the net characteristic
x-ray intensity. Due to the absence ofa Pt-Rh standard, the empirical sensitivity factor
(the" CliffLorimer k-factor") w~ assumed to be 1. In addition, it was assumed that the
particles consisted ofPt and Rh only, so that CPt + CRh = 1. These simplifying
assumptions led to
(2)
X-ray maps showing the location ofconcentrations of individual elements were
obtained by first selecting appropriate energy windows for each element in the field of
view plus certain background regions ofthe spectrum. The background intensities were
used to validate the integrity ofeach elemental x-ray map. All x-ray maps were collected
as 128 X 128 pixel images where the dwell time per pixel was set at 50 milliseconds.
2.4 ELECTRON PROBE MICROANALYSIS (EPMA)
The Pt, Rh, and S radial distribution within individual pellets was determined by
measuring x-ray emission with wavelength dispersive spectrometry (WDS) in a JEOL
733 EPMA with Tracor Northern automation (TASK, Sandia National Laboratories). At
an accelerating voltage of 10 kV, the Ma line ofPt (2.051 keV), the La line ofRh (2.696
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key), and the Kaline ofS (2.307 keY) were analyzed with TAP, PET, and PET
analyzing crystals, respectively. A defocused beam approximately 10 flm in diameter
was employed to average the effects of surface topography in the porous catalyst pellet~.
It was necessary to count 120 s (spectrometer live time) with a nominal probe current of
lOO nA to obtain reasonable counting statistics because the samples contained low metal
loadings. Absolute concentrations ofPt and Rh were obtained by taking ratios ofthe
element intensities to intensities from pure standard calibration samples and applying
appropriate correction factors [42]. However, because a standard sample for S was not
available, only relative concentrations ofS were obtained.
2.5 METAL DISPERSION
The percent metal exposed (metallic dispersion) ofthe catalystswas determined
by non-static chemisorption using the Micromeritics Flowsorb II 2300 BET surface area
analyzer. The metal dispersion ofa sample was measured by injecting constant
incremental amounts ofan irreversible metal-only adsorbate gas (CO) from a flowing
mixture ofadsorbate and an inert non-adsorbing carrier gas. A constant-rate syringe
(Model CR-700-200, Hamilton Co.) was used for injecting the adsorbate gas to insure
that uniform amounts ofadsorbate gas were being injected at constant rates. Carbon
monoxide was used as the metal-only adsorbate and helium as the non-adsorbing carrier
gas. Prior to metal dispersion measurements all samples were dried at 350°C under a
pure helium flow for 3 hr and subsequently reduced with hydrogen at the same
temperature for 3 hr. The samples were then flushed with helium for 1.5 hr at 350°C and
then brought to room temperature for measurement. A total of 100 J.LI ofcarbon
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monoxide was used for each injection with the syringe. The non-adsorbed residual
amount ofthe CO was monitored by measuring the change in the thermal conductivity of
the exiting gas mixture. The injection volume was always larger than the volume ofgas
adsorbed, and the chemisorbed volume was determined from the difference between the
fIrst and consecutive injection measurements until the surface was fully saturated
indicated by a constant read out on the TeD measurements. The percent metal exposed
(metal dispersion) was calculated from the total adsorbed volume ofgas calculated from
the sum ofthe total CO uptake and the mass ofmetal present. The total mass ofthe metal
present was calculated based on the total weight ofthe catalyst measured just after the
initial drying pretreatment in helium at 350°C and using the bulk metal concentrations.
The bulk metal content in each catalyst was measured by Galbraith Laboratories by
means of inductively coupled plasma atomic emission spectroscopy (ICPAES).
To test the accuracy ofthis metal dispersion measurement technique, a standard
Pt on alumina sample was measured periodically with a known metal dispersion value of
45 (±5% relative error) obtained from Micromeritics (Product No. 004/16825/00).
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3.0 RESULTS
3.1. EFFECTS OF S02
3.1.1 CATALYTIC REACTIVITY
The·effect ofS02on the catalytic reactivity (catalytic activity, selectivity and
temperature effects) ofNO reduction has been investigated for both a monometallic Pt-
supported-on-mordenite catalyst and a bimetallic Pt-Rh/mordenite catalyst with similar Pt
loadings ofapproximately lwt.% under identical temperature conditions (temperature of
the furnace was kept constant at 202°C). Results from these runs are tabulated in Tables
2 and 3, respectively.
As shown in Figure 2 for the case ofa monometallic Ptlmordenite catalyst (Pt-
Mor 9), upon the addition of 100 ppm ofS02 (indicated at t =106 min) into the inlet gas
feed containing 8% moisture, a rapid decrease in NO removal activity is observed
(approximately 90% loss in NO conversion from ~60% to ~% conversion). This was
accompanied by a slight decrease in N20 concentrations. This change in N20 does not
necessarily reflect an improvement towards lower N20 selectivity (Table 2) since there
was also a reduction in the total amounts ofNO converted. The effects ofthe addition of
S02 to the inlet gas stream were reversible as indicated by the removal ofthese effects at
t=310 min, when the S02 injection had been stopped. Reactivity was shown to
eventually recover back to its pre-sulfur exposed levels after approximately 300 minutes.
In addition, the introduction ofS02 caused the temperature ofthe catalyst bed to rise to a
maximum and then eventually decrease to slightly lower levels compared to prior S02
free levels (from~202 to ~192 °C).
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Effects of the addition of400 ppm ofS02over a bimetallic Pt-Rh/mordenite
catalyst (pt-Rh-Morl) under the identical inlet gas compositions (but at twice the GHSV)
are shown in Figure 3. The bimetallic catalyst is significantly more than the pure
Ptlmordenite catalyst (87% vs. 60% NO conversion even at twice the space velocity).
The bimetallic catalyst also exhibits a rapid decrease in NO reduction when S02 is
introduced into the inlet gas stream as indicated at t=40 min. As a result, the NO removal
efficiency drops by approximately 22% (from ~87% to ~68% removal). No significant
changes in N20 levels were observed, leading to a decrease in N2 selectivity. The
temperature ofthe bed rises gradually and returns to similar but slightly lower
temperature levels (from ~202 to ~192°C) prior to the addition ofS02.
3.1.2 ELEMENTAL MAPPING
Figure 4 compares the elemental distributions in monometallic Ptlmordenite (Pt-
Mor9) and bimetallic Pt-Rh/mordenite (Pt-Rh-Mor5) catalysts after long-term exposure
to S02. The large images to the left are annular dark-field STEM images ofthe region of
interest originally taken at 500,000 magnification where the width ofthe field is
equivalent to 160 nm in actual dimensions. Additional annular dark-field STEM
micrographs ofthis same region for the Pt-only catalyst are provided at higher
magnifications in Figure 5, which show the typical range ofparticle sizes (1-25 nm)
observed in catalysts prepared using the method described. Image contrast of the Pt and
Rh particles relative to the mordenite is due to greater Rutherford scattering ofelectrons
in the support, which mostly consists ofAI, S~ and o. The metal particles found in the
thin areas (10-50 nm thick) ofthe support material, were seen as diffuse white spots
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caused by increased Rutherford electron scattering in the Pt and Rh versus the mordenite
support.
As shown in Figure 4a, the monometallic Pt catalyst exhibits a strong correlation
between the Pt and S x-ray signals. Such correlations ofPt with S do not exist in the
bimetallic case shown in Figure 4b. However, in the bimetallic catalyst that the weakRh
signals are correlated with the much stronger Pt signals. The x-ray background signal
levels denoted as bkg and Bgd in each group ofelemental distribution maps, respectively,
are provided to validate the integrity ofthe maps where the x-ray signal is weak The Rh
x-ray signals shown in Figure 4b are very weak and noisy but do exhibit some spatial
variation compared to the background map. Background intensities shown in the
background map (Bgd) are noisy and randomly distributed, but intensities were not
significantly higher in regions associated with heavy metal particles. This indicates that
the Rh signals did not originate from increased background levels caused by the heavy .Pt
particle, and therefore the Rh distributions can be considered real. In comparison, the
potassium signals in Figure 4a are not significantly above background (bkg) and therefore
cannot be considered real since they only exhibit intensities matching those ofthe
background noise. Higher background signal being increased bremstrahlung generation
at the large Pt particles. A typical x-ray spectrum from a 4 nm particle of the bimetallic
catalyst is shown in Figure 6.
For both monometallic and bimetallic samples a strong correlation between the S
and AI x-ray signals was observed. In addition, the locations ofthe Al and Si were
spatially complementary whether or not a binder was present in the support material. The
monometallic catalyst (Pt-Mor 9) support had approximately 20 wt% alumina binder
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(originally in pellet form) while the bimetallic catalyst (Pt-Rh-Mor 5) had been prepared
on a binder-less powder ofmordenite.
3.1.3 ELEMENTAL DISTRmUTIONS ACROSS A CATALYST PELLET
Figure 7 shows the elemental distributions obtained from a radial microprobe
profile analysis across a cross-section ofa 1/8" Pt-Rh mordenite (PTRl) catalyst pellet
after long-term testing with moisture and S02.
The concentration ofPt decreases towards the center ofthe pellet reflecting a
typical "egg-shell" type concentration profile. The Rh and S concentration levels also
exhibited the "egg-shell" profile, decreasing towards the center. There was no correlation
between Rh and S signals. However, beyond 400 Jlm from the pellet edge, a strong
correlation between the relative sulfur and Pt concentrations was observed. The region
within 400 Jlm ofthe edge did not show this correlation ofS with Pt, but this was the
region where the Rh signals were strongest.
3.1.4 TEMPERATURE PROGRAMMED OXIDATION
Approximately 10 cc ofplatinum-exchanged mordenite, after being dried, was
calcined inside the reactor system described in the experimental methods section. A gas
flow mixture of20 wt% O2(balance N2), set at a gas hourly space velocity (GHSV) of
2500 hr-I was sent through the reactor while the temperature was manually increased at a
rate ofapproximately 1°C/min between 25°C and 475°C. The results ofthis run are
provided in Table 4 and Figure 8.
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As the temperature was gradually increased, the decomposition ofthe
tetraammineplatinum (IT) nitrate precursor within the catalyst started at approximately
230°C (Tonset) in the simulated air mixture. For both NO and N20, two concentration
maxima versus temperature peaks were found. In the case ofNO, the concentration
reached peak maxima values at approximately 316°C and 400 °C. For N20 the maxima
concentrations were observed in the vicinity of316 °c while a relatively smaller and
broader peak occurred around 355°C as shown in Figure 8. The offset ofthe baselines
reflects the deviation from the calibrated flow settings because the instrument had not
been calibrated after the previous run even though the flow rates had been altered.
However, this was acceptable because there was no interest in the actual quantitative
concentration levels, but rather only on the temperature ofthe peak position where the
decomposition occurred. The main interest was to fmd the location ofthese temperature
maxima positions, and this was based on the.assumption that the decomposition
mechanism ofthe Pt precursor would influence the particle characteristics. The
[Pt(NH3)4]2+, ion is readily known to go through autoreduction at temperatures above 200
°c via formation ofNH4 species [37], which reduces the platinum metal even during the
calcination process. Thus it was thought that the nitrogen oxides monitored during the
TPO experiment would provide some insight into such processes. Unfortunately, the
exact mechanisms, by which NO and N20 are formed were not determined because
important species such as N2, O2, NH3, and H20 could not be monitored with the
experimental setup used. Nevertheless, the TPO results indicate the Pt precuror
decomposes over the temperatUre range of300-400 °c in multiple steps mdicated by the
existence ofmultiple peaks. However, the results ofa temperature programmed study is
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dependent on the ramping rate and peak positions, which tend to shift towards higher
temperatures when the heating rate is increased. Because the actual temperature ramping
rate for the preparation all the catalysts was higher (5°C /min) compared to the TPO
experiment rate (1°C/min), a temperature range of350-500 °C was selected based on
estimation ofthe peak shifts and 425°C being the mean ofthese two temperatures.
3.1.5 ACTIVITY AND SELECTIVITY OF A MONOMETALLIC Rh
MORDENITE CATALYST
The activity and selectivity data ofa pure rhodium-only catalyst, obtained from
reactor runs using 10 cc ofcatalyst under a total gas hourly space velocity (GHSV) of
10,000 ht\ are provided in Table 5. A plot ofthe NO conversion activity as a function
ofcatalyst bed temperature between the temperatures of 125°C and 215 °C is shown in
Figure 9 under various flue gas conditions. As depicted in this figure, the pure
Rh/mordenite catalyst system exhibited much lower levels ofconversion relative to a
pure Pt/mordenite or Pt-Rh/mordenite catalyst regardless ofthe gas composition, whether
dry or wet with S02. The addition ofmoisture decreased the NO conversion levels. The
addition ofS02 into the gas mixture containing moisture further suppressed the NO
removal activity. The selectivity towards the formation ofN20 was zero under all flue
gas conditions, which indicates that NO reduction over the Rh/mordenite catalyst is
100% selective towards N2 formation.
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3.2 EFFECTS OF CALCINATION TEMPERATURE FOR INITIAL Pt
EXCHANGE ONTO MORDENITE
3.2.1 CATALYST ACTIVITY AND SELECTIVITY
Reactor runs were perfonned on 3 catalysts that differ only in the initial platinum
precursor calcination temperature: PSD13R (350°C), PSD14R (425°C) and PSD15R
(500°C). The average Pt weight fraction ofeach catalyst was 0.80-0.85. (See Table I).
The three temperatures selected for the preparation ofthese catalysts were based
on the results obtained from the temperature programmed oxidation (TPO) experiment
perfonned during calcination ofa Pt exchanged catalyst. The reactor runs were carried
out over temperature ranges of 110°C to 220°C, at atmospheric pressure, and with a final
gas hour space velocity (GHSV) of25,OOO hr-1• The results ofthe reactivity runs for the
reduction ofnitric oxide are tabulated in Tables 6, 7 and 8 under the three different feed
gas conditions: dry and with subsequent additions ofHzO and S02. The activities ofthe
catalysts as a function ofthe catalyst bed temperature are plotted in Figure 10, 11 and 12
under these different conditions.
3.2.2 PARTICLE COMPOSITION-SIZE DISTRIBUTIONS
Analytical el~ctron microscopy was perfonned on these three samples using the
VG lIB-603 scanning transmission electron microscope (STEM) at 300 kV. Toobtain a
reliable sampling ofthe particles in the mordenite, about 50 metal particles on each
sample were analyzed. The integrated net counts above background from platinum and
rhodium peaks, were determined and the platinum fraction, CPt = 1- CRh, was calculated
for each individual particle. The platinum fraction obtained from these analyses varied
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considerably among particles from each sample. Particle sizes were measured directly
from the cathode ray tube (eRn screen in annular dark-field imaging mode. The results
ofthese measurements were used to construct the composition-size distributions ofthe
particles for each sample and are shown in Figure 13. The particle distributions were
very similar for the two higher temperature (425 °C and 500 °C) treated samples of
PSD14R and PSD15R. These distributions were biased towards the formation of
predominately platinum-enriched particles; some ofwhich sintered to larger particle
sizes. Greater frequencies ofRh-rich particles were observed as the calcination
temperature for Pt exchange decreased.
Particle sizes ranging from Inm to 65 nm were observed in samples processed via
the higher Pt calcination temperatures (pSD14R and PSD15R), while the low temperature
treated sample (PSD13R) did not exhibit particles exceeding 20 nm in diameter.
3.2.3 METAL DISPERSION
The percent metal exposed (metallic dispersion) ofthe three catalysts, were
measured by chemisorption ofcarbon monoxide using the Micromeritics Flowsorb II
2300 BET surface area analyzer. The results ofthese measurements were used to obtain
information on average particle size for each ofthese samples and are provided in Table
9. For each catalyst, the dispersion was also determined for its monometallic counterpart
(samples saved after the initial Pt exchange was finished, and before Rh was added) and
this has been termed as 'Pt dispersion'. The dispersion values obtained were in the range
of25-42% from all three catalysts, while the dispersion did decrease with increasing
calcination temperatures. In addition, the bimetallic total metal dispersion values were
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higher against each of its monometallic counterpart regardless ofthe calcination
temperature. However ifwe assume that the relative errors involved with this
measurement technique is similar to the variation given for the standard calibration
sample (Micromeritics PtJAh03 Product No. 004/16825/00), ±5% relative error, the
differences among the samples were msufficient to have any real significance, and should
be considered only as supplementary data. Because the same identical batch ofPt
mordenite was used, the bulk Pt concentrations should have been identical and are shown
to be very close (0.66-0.71 wt.% Pt). Also, even though the Rh exchanges for the three
catalysts were performed separately, the Rh concentrations are very close (0.12-0.17
wt.%). The bulk Pt and Rh mass fractions were very similar indicating the samples could
be used to investigate the isolated effect ofthe initial calcination temperature involved
with the Pt exchange onto mordenite.
3.2.4 N20 SELECTIVITY
A comparison ofN20 selectivity data between the monometallic (Pt-Morl) and
bimetallic (Pt-Rh-Morl) catalysts tested under identical gas flow conditions (except for
runs with S02) at 175°C are shown in Figure 14. The bimetallic Pt-Rh system exhibited
N20 selectivities in the range of40-50 % under all three gas compositions (dry, wet, and
wet + S02), while the pure Ptlmordenite catalyst exhibited slightly lower levels (30-40%)
during dry and wet tests. When 37 ppm ofS02was introduced, N20 selectivity
decreased significantly «10%). However, this did not increase the N2yield since this
improvement in selectivity was accompanied by a drop in overall NO conversion. The
bimetallic catalyst in Figure 14 (Pt-Rh-Morl) was prepared from the monometallic
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catalyst (Pt-Morl) that is shown for compariso~ and thus the Pt concentrations in both
catalysts were identical allowing the observation ofRh addition effects on N20
selectivity. Also, it should be noted for the gas stream containing 802, the bimetallic
catalyst was exposed to more than an order ofmagnitude higher level of802 (400 ppm
versus 37 ppm) compared to the monometallic case.
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4.0 DISCUSSION
The two goals ofthis work were to first investigate the poisoning mechanism of
S02 on pure Pt particles and the poison-resistance ofbimetallic platinum-rhodium
particles by scanning transmission microscopy (STEM) and energy dispersive x-ray
spectrometry (EDX) and correlate these results with catalytic SCR reactivity studies
using H2• The second goal was to determine the effects ofvarying the calcination
temperature for the platinum precursor decomposition during the preparation ofthe Pt-Rh
mordenite catalysts and its effects on the formation ofbimetallic particles and impacts on
catalytic activity, selectivity and sulfur tolerance.
4.1 EFFECTS OF S02 POISONING ON MONOMETALLIC AND
BIMETALLIC CATLAYSTS OF PLATINUM AND RHODIUM
As shown in Figure 2, NO reduction activity ofthe monometallic Pt mordenite
catalyst (Pt-Mor9) was severely suppressed in the presence of 100 ppm ofS02 added to a
gas stream containing 8% H20 operating under a gas hourly space velocity of5000 hr-I•
A 90% drop in NO conversion was observed from approximately 63% to 6% that
occurred within 230 minutes. In contrast, the bimetallic catalyst (pt-Rh-Morl) exhibited
only a marginal loss of22% NOx removal efficiencies between 87% and 68% as shown
in Figure 3 over a similar time frame under even more severe conditions - with much
higher levels of400 ppm 802 and higher gas hourly space velocity of 10,000 hr-l , From
the x-ray maps presented in Figures 4 a and b, a strong correlation between the Pt and 8
signals was observed only for the Pt catalyst, while there were no such correlations
between Pt and 8 signals observed for the bimetallic catalyst. Weak Rh signals coincided
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with the Pt signals in the bimetallic system. These findings suggest that the loss of
activity in the Pt-only catalyst can be attributed to the loss ofactive catalytic platinum
sites, inhibited by a strong interaction with the sulfur species.
Because ofthe relatively inactive nature ofRh for NO reduction at these low
temperatures as shown in Figure 9, the Rh species appears to playa role in preventing the
poisonous sulfur species from interacting with the active platinum sites rather than in
contributing to the overall activity ofthe bimetallic system. This is supported by the fact
that the bimetallic Pt-Rh system exhibited N20 selectivities in the range of40-50 %,
which was similar to that ofa pure Pt/mordenite catalyst (30-40%) but very different
from that ofthe pure Rhlmordenite (zero N20 selectivity) as shown in-Figure 14 and
Tables 2,3. The bimetallic catalyst in Figure 14 (pt-Rh-Morl) was prepared from the
monometallic catalyst (Pt-Morl) that is shown for comparison, and thus the Pt
concentrations in both catalysts were identical allowing the observation ofRh addition
effects on N20 selectivity. Also, it should be noted for the gas stream containing S02,
the bimetallic catalyst was exposed to more than an order ofmagnitude higher level of
S02 (400 ppm versus 37 ppm) compared to the monometallic case. The pure
monometallic Rh mordenite catalyst did not yield any N20 and this is consistent with
finding ofHeezen et al. [44], who investigated various Ptx-Rh(l_x) /Si02catalysts for the
NO-H2reaction and observed lower activities with higher levels selectivity towards N2
formation over pure supported Rh catalysts. Earlier thermogravimetric measurements by
Newkirk et al. [45] on the decomposition ofrhodium (III) chloride hydrates (the
precursor used in the current study) indicate that under flowing air the Rh complex goes
through oxidation and does not fully decompose to a metallic state until temperatures of
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1040-1060 °C. Because the catalysts that were used in this study did not undergo any
reduction treatments during preparation and because the calcination was performed at
only 500°C in stagnant ambient conditions, it is possible that the Rh in all the catalysts
studied here were in an oxidized state (i.e. Rh203). Furthermore, Rh catalysts by
themselves do not work in excess O2because bulk oxides are formed irreversibly. This is
consistent with the poor activity ofthe pure Rh catalyst (Figure 9) [6]. However, the
oxidation state ofRh is unclear, and no attempt was made to address this issue.
The x-ray maps ofFigure 4 also revealed a strong association between sulfur and
aluminum x-ray signals in both the monometallic and bimetallic catalysts. The mordenite
used in the monometallic Pt catalyst included approximately 20 wt% ofalumina, while
no such binding materials being present in the bimetallic case. This could account for the
relatively more abundant aluminum signals for the Pt-only catalyst. For practical
applications this could lead to the degradation ofthe mechanical strength ofthe pellet due
to the interaction between the aluminum ofthe alumina binder and the sulfur species,
which could negate the purpose ofusing such binding materials. In addition, even though
the mordenite used as the support for the bimetallic system did not contain any binding
materials (as claimed by its manufacturers), the complementary X-ray signal between the
Si and AI signals shown in Figure 4b suggest the existence of imperfections and
inhomogenieties in the structure ofthe support material. The spatially non-uniform
aluminum signals exhibited in Figure 4b seem unusual for mordenite [(Ca, Na2,
K2)AI2SilO024 ·7H20], a hydrated calcium sodium potassium aluminum silicate that has
an orthorhombic crystal structure with the space group 21m 21m 21m [46].
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These observations are also consistent with the results from the radial elemental
distribution ofa catalyst pellet cross-sectionprovided in Figure 7. All concentrations of
the components including Rh showed decreasing concentration levels towards the center
core ofthe pellet, exhibiting what is referred to as an "eggshell" type concentration
profile. In the external regions, where relatively higher concentrations ofRh were
detected (within 400 J.1m ofthe edge), there was no apparent correlation between the
platinum concentration profile and that ofS. On the other hand, regions beyond 400 J.1m
from the edge show a significant correlation between the concentration profiles ofPt and
S signals. This could be explained by the fact that the region beyond 400 J.1m is Rh-
deficient; and, therefore, would behave similar to a monometallic Pt catalyst, which
exhibits a strong interaction with the poisonous S compound. In the exterior regions this
type of interaction between the Pt and the S component is prevented from occurring
because ofsome decrease in S species affinity for Pt in the presence ofRh. This indicates
a significantly large amount ofpotentially active platinum metal is being poisoned and
wasted within the core region ofthe pellet and probably does not contribute to the overall
activity ofthe catalyst.
In industrial applications, catalysts composed oftwo metals are common [47, 48].
It has been shown that such bimetallic catalysts can exhibit superior activity/selectivity
with respect to their individual constituents [38-41, 49, SO]. This can arise from
electronic perturbations caused by metal-metal bonding (ligand effect) or result from
changes in the number active sites or structural changes on the surface ofthe metal
particles (ensemble effect).
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When compared to the monometallic catalyst, there are two factors that may
contribute to the reduced interaction towards SCh in bimetallic particle systems. First is
the presence ofRh or an oxide form ofRh atoms (Rh atoms associated with oxygen
atoms) ofthe active Pt sites, which may formPt-Rh (or Rh oxide species) clusters that
possess geometrically more favorable configurations (ensemble effects) for exhibiting
sulfur tolerance. Such a configuration might also generate a more active site. It has been
reported in the literature that bimetallic particles ofPt-Rp. are surface-enriched with Rh in
the presence ofNO, evidence derived from the particle composition-size plots [39]. The
composition-size results in the current study (Figure 13) resembled those that exhibited
surface Rh enrichment reported in the earlier study [39]. It has also been reported in the
literature that larger metal particles, in the case ofNO reduction in H2 over supported Pt
catalysts, exhibited higher activities due to the presence ofdistinct surface configurations
[51-52]. More recently for the Pt-Ru electrocatalyzed oxidation ofmethanol, it was
found that the bimetallic alloy was not the desired form ofthe catalyst and that the active
form was a nanoscopic, phase-separated oxide-on-metal structure that retains active Pt
metal-RuOxHy boundaries [53]. Also, it has been reported [54-56] that for NO reduction
using H2 over a PtIRh(100) single crystal, when prepared at 507°C in the presence of
oxygen, induces surface reconstruction leading to an a Rh-O surface over layer
compound on the Pt enriched second layer. This configuration was found to be
exceptionally active for NO reduction.
Secondly, Pt-Rh bimetallic bonding may lead to a weakening ofthe Pt-S
interaction. Fromstudies on single crystal metal surfaces, it is well established that sulfur
inhibits the chemisorption ofsmall molecules i.e. H2, NO, CO [57, 58]. Recent studies
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by Rodriguez et al. [57- 62] have shown, using high-resolution synchrotron-based
photoemission and x-ray absorption spectroscopy, that for many ofthese bimetallic
systems the formation ofa metal-metal bond induces perturbations in the electronic
properties that can modify the chemical affinity of a metal for S02. It was shown that Pd
atoms bonded to Rh and Pt atoms bonded to Sn interact weakly with S02. In the case of
the Pd-Rh system, the adsorption ofsulfur induces a large reduction in the density of
states (DOS) near the Fermi level ofPd/Rh (111) surfaces, and the electronic
perturbations associated with the Pd-Rh bonds reduce the electron donor ability ofPd,
weakening the interactions between the Pd 4d orbitals and the lower occupied molecular
orbitals ofS02. The case ofPt-Sn exhibited similar results. In consideration ofthese
results, it is possible that Rh has an effect similar to Sn on Pt and reduces the chemical
affinity ofS02 towards Pt, caused by a metal-metal bonding (ligand effect) leading to a
sulfur-tolerant active catalyst.
4.2 EFFECTS OF Pt PRECURSOR CALCINATION TEMPERATURE
The temperatures selected to study the effects ofthe Pt precursor calcination were
based on the results ofthe temperature programmed oxidation (TPO) results shown in
Figure 8. These peak positions were assumed to relate to the different mechanisms
involved with decomposition ofthe Pt precursor, i.e., autoreduction caused by the
formation ofNI4, which causes a rapid reduction ofPt particles during formation. In
Figure 8 both NO and N20 possessed two concentration maxima. The first peaks Were
approximately the same for both species at 316 °C. While the second peaks were
measured at around 355 °C and 400 °C for N20 and NO, respectively. Unfortunately, the
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exact mechanisms by which NO and N20 form are not known due to experimental
restrictions. Nevertheless, the TPO results indicated the Pt precursor decomposed over
the temperature range of300-400 °C in multiple steps indicated by the existence of
multiple peakS. And because temperature-programmed studies are dependent on the
ramping rate, peak positions tend to shift towards higher temperatures when the heating
rate is increased. Thus, the selected trial temperatures were higher than the measure peak
positions.
The results ofthe dispersion measurements for the three samples prepared for this
study, PSD13R, PSD14R, and PSD15R indicated that the overall metallic dispersion
decreased with increasing calcination temperatures for the decomposition ofthe platinum
precursor. In addition, these dispersion values were all measured slightly higher
compared to that oftheir monometallic counterparts, PSD13, PSD14 and PSDI5, which
would imply that the Rh species was being transported into a dispersed state. A
supportive finding was that the composition-size diagram shows no indication ofRh-rich
particles that were large (Figure 13).
As given in Tables 6, 7 and 8, the N20 selectivity was very similar undeidry and
wet conditions for all three catalysts. When S02 was added to the gas stream the N20
selectivity increased as a function oftotal NO conversion. As shown in Figures 10 and
11, under both dry and moist conditions"all three catalysts exhibited very similar NO
reduction activities. However when S02 was introduced into this wet basis gas stream,
the activities ofcatalysts calcined at the higher temperatures had much higher
conversions asshown in Figure 12. From the composition-size diagrams ofFigure 13, an
increase in number ofPt-rich particles was observed with an increase in the Pt exchange
31
calcination temperature. A possible explanation for such behavior may be found in the
highly dispersed platinum particles not visible in the STEM images. Under dry and wet
conditions if the highly dispersed Pt particles were to contnoute to the overall NO
reduction activity, then it is possible to expect a smaller difference between the three
catalysts since the metal dispersions measured among these were not significantly
different as shown in Table 9. Also, this could account for the slightly better
performance ofthe low temperature calcined sample (pSD13R: Pt calcined at 350°C)
under the dry conditions, since it exhibits the highest metal dispersion. However in the
presence of S02 the activity ofthese ion-exchanged pure Pt particles not associated with
Rh would be susceptible to S02 poisoning from the findings above. Considering the
increasing trend towards Rh-enriched particles in the lower temperature calcined
samples, this behavior could be explained by an excessive Rh enrichment beyond levels
ofproviding optimum S tolerance.
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5.0 CONCLUSIONS
The poisoning mechanism ofS02on pure Pt particles and the poison resistance of
bimetallic platinum-rhodium particles have been elucidated using combined STEMlEDX
and reactivity studies. The loss ofactivity over pure platinum mordenite catalysts was
due to the preferential interaction between the sulfur species in gas phase S02 and the
active catalytic platinum sites. The Pt-Rh interaction in the bimetallic system has shown
to significantly reduce such interactions from occurring on active platinum sites
associated with the Rh species. Possible reasons for such phenomena may be attributed
to formation ofPt-Rh (or Rh oxide) clusters that exhibit geometrically more favorable
configurations (ensemble effect) for sulfur tolerance, or the generation ofsites that are
more active, to the decreased affinity ofPt towards S02 caused by metal-metal bonding
interaction between Pt-Rh metal atoms (ligand effect).
Evidenced by differences in the composition-size distributions, the degree ofPt-
Rh interaction related to the S-tolerance is highly dependent on the calcination
temperature ofthe initial platinum exchange onto the mordenite support. Catalysts
treated at elevated temperatures during calcination exhibited a trend towards forming
more platinum-enriched particles, with an increase in average particle size, and were
shown to possess higher activities in the presence ofS02 and H20 during selective
catalytic reduction at low temperatures using hydrogen as the reductant under net
oxidizing conditions (excess oxygen present).
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7.0 FURTHER INVESTIGATION
The following are some issues that could further be investigated to obtain a more
complete understanding ofthe findings presented in the current study and also improve
upon the currently developed low temperature SCR catalytic system.
1. Nature ofthe active site and reaction mechanism.
A. Various in situ spectroscopies (Raman, UV-vis, IR) under simulated gas
conditions may be used to obtain information regarding the surface
reaction mechanism as well as identifying the true nature ofthe active
surface species. In particular, in situ raman techniques would be useful
since it would provide information related to the oxidation states ofeach
metal under reaction conditions, which was identified as a potentially
important factor in the current study. With isotopic labeling studies using
gases such as oxygen 18, would reveal which oxygen is involved with the
reduction mechanism.
B. In addition, these various spectroscopies would reveal the details ofthe S
poisoning mechanism as well as the S tolerance observed in bimetallic Pt-
Rh/mordenite catalysts. The spectroscopic information pertaining to the
adsorption ofreactants and intef)l1ediate species formed during reaction
would be used to construct such reaction mechanisms.
C. XPSIXAFS/XANES may be also useful for obtaining information relating
to the active catalytic site and sites that are poisoned under the presence of
S02 along with the oxidation states of the metals.
2. Reaction kinetics and optimization
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Due to the presence ofan unwanted side-reaction (H2 oxidation) and
mass/heat transfer problems, a detailed study is necessary to obtain the relevant
kinetic parameters and to find the optimal operating conditions. This is most
critical for the developed catalytic reaction system to become used for
commercial applications.
3. Improving the formulation ofthe catalyst
Thermo techniques i.e. (TGA, DSC, DTSA, TPR, TPO, TPSR) may be employed.
to conducting studies on the decomposition ofmetal precursors during various stages
ofcatalyst preparation and would be used to further improving preparation techniques
based on the findings. 'Also, these techniques could be applied to finding information
relevant for the S poisoning i.e., measuring the heats ofadsorption/desorption ofS02
or on mono/bimetallic catalysts.
4. Macroscopic structure importance since because during the catalyst testing the
current systems exhibited mass and heat transfer problems and thus the catalyst
performance it is essential to understanding why the mordenite support performed
better than other zeolites i.e. ZSM-5. Considering the larger particles exhibited
higher catalytic activities, this becomes more important since the access to these
larger particles would occur mainly in the larger intra-particle channels. A
comparison ofthe crystallite sizes (i.e XRD) ofthe different zeolites and
comparing with catalyst activity would be a necessary experiment.
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Table 1. Summary of each catalyst used for analysis.
Sample aBulk Metal Concentrations cBulk Pt mass Support
number Pt (wt.%) Rh (wt.%) fraction CPt Material
Pt-Mor 9 0.50 LZM-8 1/16" pellet
Pt-Rh-Mor 1 0.80 0.27 0.75 LZM-8 1/16" pellet
Pt-Rh-Mor5 1.08 0.035 0.97 CBV20A-X16 powder
PTR 1 0.56 0.15 0.79 S05-19R5 1/8" pellet
Rh-Mor bO.5 LZM-8 1/16" pellet
PSD13R 0.68 0.12 0.85 LZM-16 ground pellet
PSD14R 0.66 0.17 0.79 LZM-16 ground pellet
PSD15R 0.71 0.12 0.85 LZM-16 ground pellet
Pt-Mor 1 0.80 LZM-8 1/16" pellet
a. Measurements provided by Galbraith Laboratories analyzed by means of inductively
coupled plasma atomic emission spectroscopy (ICPAES).
b. Estimated value based on the loading concentration used.
c. Calculated from the determined bulk metal concentrations in (a) as,
C = Bulk Pt wt%
PI (Bulk Pt wt%) + (Bulk Rh wt%)
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Table 2. The effects of 802 on a monometallic Pt/mordenite catalyst (Pt-Mor 9) as a
function time.
Time Temperature NO Outlet ~O Outlet NO .~O
on Stream Concentration Concentration Conversion Selectivity
(min) (0C) (ppm) (ppm) (%) (%)
o 200.0 149.0 17.0 63.0 13.4
----------"_.- -
27 198.0 156.0 16.5 61.3 13.3
---_._-_..-.- - . ---- -------..-- -----
35 198.0 150.0 17.3 62.8 13.7
._--.-----_...---- ._-_._---- ---- --_.__.
81 197.0 172.0 20.6 57.3 17.9
.-._._--- ----------- - _..~- ..-_.--------
106 197.0 168.0 21.8 58.3 18.6
.--------. ----.------ -- --- ---.------------- f--------:
124 204.0 289.0 7.8 28.3 13.7
._-_._---_._. -_.-
136 215.0 247.0 9.5 38.7 12.2
---------.-- -- ..---..- ---.-------- --------- ------:-:::-::---1
147 214.3 293.0 8.3 27.3 15.2
-_._----_. _. ---- -------.--_. ----
159 215.1 274.5 9.8 31.9 15.2
-_._--_._,._-- -_.-------.-._--- -_.-. "---' ----_.-------- --...---.--- -
169 216.3 324.3 7.1 19.5 18.0
---_..__.__...- ---.._.....---_._- - ---- -_.._-----_.--_.._.---- "- --------
182 231.8 326.6 7.6 19.0 20.0
.-...---..-...--- .-.....-.----..--- ---- ..----------...- --------1-----------
190 249.5 319.1 7.7 20.8 18.4
--_.__._0 -- __._. '.• ._________ _ _ __• _
222 192.0 334.2 10.2 17.1 29.8
-_.--.,---~------ ._-~._._----. __._- ._-._..~._--.----- _._-_._---_.----- .~._ .._-~._- _.--
229 192.5 379.2 13.7 5.9 100.0
--_ .._-_ ..--- ----------_..__._--" ---- ._--- ._-.-,.-_._.__. _ .__..._-.----- -----_._- -------
268 191.3 378.3 5.4 6.1 43.6
'--'---~'--'-""''' __' ._----- - ._-- ------~<..~----------- ---_.._------~._._-_._. __._<- -----_._----_.._- ---_.
301 191.8 377.7 4.3 6.3 33.8
---_...._._---_.-~ --_.._._--- --_._--_._------ -------_._._------------- ------_.- -----_.-
310 190.2 74.7 22.7 81.5 13.9
_______n_•••__.___ • __.~ • __• •__~__ _ , • _
354 196.5 86.0 20.1 78.7 12.7
--.._.<-,--------_._. -_.._------~._-.- .._-._-._----~-_._- .-...._------_._-_._.. _._--
410 195.4 94.7 19.1 76.5 12.4
-_.-._._----_._..__. --_.,------- ---'- -----_._----~-------------
505 196.2 94.3 19.7 76.6 12.8
--_.-..~--._-- --------------_.__._---- --_._.__._._----_.---- ----_..._-- --------
621 200.5 137.5 17.7 65.9 13.4
._._-_.__._._---- ------------ -----------_._---_.. ------_.._-----_._- _._-.--- -----_.
666 197.7 147.6 23.1 63.4 18.1
-----,,--,._---'...- --------_.-.- --------.~-_.._-,,-_._--_._---_.----- ----------_..
722 198.1 144.8 24.6 64.1 19.1
--_..._-_.•._--- -_._-_._---_._._- --.._. --- _.._--_.------------ -----_.~._.- .__.-
753 198.1 147.6 23.5 63.4 18.4
..------------f---.--.------- .-_.--.... -....- ------- ....----..--------- -.---------- ---------
760 205.6 282.5 7.4 29.9 12.2
_.._, .. ... .. . . .__.,__. .. . . ~. . ._.0 -- ._
780 221.2 275.5 8.3 31.6 13.0
___________ • •••_._.__M .• • ~. • •__•• __• • ._. __, __ • ••~._ .. _. _
790 223.3 326.8 6.6 18.9 17.3•••__ < __._0 . .... ~ .. . . .~~__.__. ,_. ' ~ . . .__
. 813 248.4 265.5 9.3 34.1 13.5
----..-----.- ---..-.----------- -----. ..--.---- .--......... -.-_....--..-- -----------....--- -.------.ft------ ..
819 259.1 312.6 7.1 22.4 10.7
-------,.---- ..__._ .._---_.~--- - ...----._-- _....._. __ ._._--_ .. __.__._ ..~_. ---_._----_. --------
840 193.9 287.3 8.1 28.7 13.9~ " .~.o __o_.._.~ ~~~_. ._ , ._. ~._..._~ _
859 191.0 377.6 19.1 6.3 100.0
-.--------_._- ._---_..-,------_._---- ._---_._----_._- -----------_.- ._---_._----- ------------
890 189.5 376.6 6.7 6.6 51.1
-_..._....~-------- ---_._ .._-------- ------_. --"'-"._~ _.-..~._._-----_._-----_ .._._.- ---_...-._------- ---_..-.-_._-_.
929 189.7 375.9 2.1 6.7 15.6
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Table 3. The effects of 802 on a bimetallic Pt-Rh/mordenite catalyst (Pt-Rh-Morl)
as a function time.
Time Temperature NO Outlet ~O Outlet NO ~O
on Stream Concentration Concentration Conversion Selectivity
(min) (OC) (ppm) (ppm) (%) (%)
0 202.0 53.0 65.0 87.0 37.4
----_._--
-------
--, ~- ._-
20 202.0 55.0 63.0 87.0 36.2
-------_.- ._--------
-'---
40 202.0 54.0 64.0 86.8 36.9
------, --- ._-_~_----
54 202.0 99.0 50.0 75.9 33.0
------_."- --- - ----
68 204.0 128.0 61.0 68.8 44.3
------_.-- ------_._..- --------- -
115 242.0 132.0 54.0 66.2 40.8
--------
._--_._-_.----
------- -- --
157 255.0 130.0 58.0 66.7 43.5
----
_..
---_.
------------------
189 252.0 131.0 63.0 66.4 47.4
_ .._--._-------
--------- -- ----- --
211 257.0 135.0 56.0 65.4 42.8
._-.--_._--"-- -.--
--
--_.__..-. •..-
---------
299 276.0 130.0 45.0 66.7 33.8
._----_.- _._._---_ .._.
---------------------
364 192.0 123.0 59.0 68.5 43.1
------_~. -----_.__._--
--
__H'
---
_._-_.
-
408 207.0 124.0 64.0 68.2 46.9
--_.---_..----
---------".- -_.-._-,---_..•.-.--..- ._---.------------ - -
443 203.0 129.0 51.0 66.9 38.1
------,.. ---_._---- ----------_.- ...__. -.__~-
507 217.0 114.0 59.0 70.8 41.7
------_.-
--------
-_._._------- .-.------
-------- ------
565 199.0 122.0 62.0 68.7 45.1
--.._----- ---. ----
_._._----- -
617 197-.0 124.0 59.0 68.2 43.3
_.~---_.-
--------. ------..._- ._.__.._"------ ---_._-
----
663 196.0 128.0 59.0 67.2 43.9
-----_._._- .-~.~_-~_----
_____ •___O__ n ___ •
_._.__~_----~-
----- --_~----
731 188.0 132.0 47.0 66.2 35.5
---------------
---~.
.__ ..
..-
--
795 192.6 125.0 64.1 67.9 47.1
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Table 4. Concentrations of NO and NzO during Temperature Programmed .
Oxidation (calcination) of a platinum-exchanged mordenite catalyst.
Temperature (GC) NO Concentration (ppm) *N20 Concentration (ppm)
0 10.0 -3.4
120 10.0 -3.4
229 10.0 -3.2
259 14.0 -1.3
266 22.0 1.1
275 28.0 3.3
281 34.5 5.2
286 41.4 7.6
296 55.4 13.9
306 65.6 20.4
316 70.3 24.9
320 62.3 23.2
325 40.1 15.3
330 20.6 8.7
335 13.7 7.9
340 11.5 9.5
344 11.2 10.7
349 11.6 11.9
355 12.0 12.1
359 12.4 11.3
363 13.6 10.7
368 14.6 9.7
373 15.7 8.6
378 16.8 7.5
383 18.4 6.4
388 20.6 5.3
393 23.1 4.1
399 25.7 2.7
409 23.2 0.1
420 16.0 -2.0
435 12.0 -3.2
450 10.0 -3.4
475 10.0 -3.4
*The negative values for NzO concentrations were caused by the deviation from normal
calibrated flow conditions, because the absolute quantities were not of interest.
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Table 5. Reactivity of Rh-Mordenite catalyst
Tbed Tfur NO Outlet ~O Outlet NO Inlet NO
Concentration Concentration Concentration Conversion
(OC) flC) (ppm) (ppm) (ppm) (%)
Dry 124.3 135.0 404.6 0.0 411.1 1.6
136.6 150.0 384.9 0.0 391.7 1.7
-
151.6 165.0 402.2 0.0 412.8 2.6
165.7 180.0 407.2 0.0
1--
421.9 3.5
----- ------- ---
.-
179.9 195.0 344.4 0.0 363.8 5.3
195.2 210.0 342.6 0.0 371.3 7.7
- -
210.2 225.0 328.9 0.0 383.0 14.1
Dry + 123.7 . 135.0 391.7 0.0 392.0 0.1
-._--8% H2O 136.4 150.0 379.4 0.0 380.3 0.2
150.1 165.0 371.8 0.0 376.8 1.3
-.-
-------
-. -_.
._.
164.4 180.0 362.7 0.0 372.8 2.7
------ ------
-----
178.7 195.0 370.6 0.0 384.4 3.6
.-
--
193.3 210.0 362.2 0.0 383.0 5.4
._--
-- ------
-,----
208.1 225.0 354.0 0.0 382.3 7.4
Dry + 123.1 135.0 383.0 0.0 383.1 0.0
-_.
.-8% H2O + 136.1 150.0 374.9 0.0 375.0 0.0
. "-'-- "--------- -_._----._----400 ppm 802 150.0 165.0 367.0 0.0 367.1 0.0
"-
.,-
164.4 180.0 361.9 0.0 362.7 0.2
._-,-- .
177.4 195.0 355.2 0.0 359.7 1.3
-- \------192.7 211.0 345.9 0.0 350.5 1.3
---_. ._--
207.1 225.0 338.6 0.0 346.5 2.3
45
Table 6. NO Conversions and NzO Selectivities of the various Catalysts under Dry
Conditions
Sample # Temperature NO N20 NO NO N20
Outlet Cone. Outlet Cone. Inlet Cone. Conversion Selectivity
tC) (ppm) (ppm) (ppm) (%) (OAJ)
PSD13R 11804 18.7 72.1 425.5 95.6 35.4
137.7 36.4 74.6 418.3 91.3 39.0
149.8 67.0 74.8 419.1 84.0 42.5
163.7 107.7 66.6 385.7 72.1 47.9
173.6 142.5 61.0 394.3 63.9 48.4
182.4 169.6 56.9 402.9 57.9 48.7
190.4 181.9 55.2 401.7 54.7 50.2
198.4 195.2 53.2 407.3 52.1 50.1
207.4 209.5 49.5 411.1 49.0 49.1
PSD14R 124.2 32.2 79.9 406.2 92.1 42.7
140.9 77.8 72.2 407.0 80.9 43.9
150.9 112.5 63.7 407.3 7204 43.2
162.1 136.0 55.3 393.5 6504 43.0
171.7 167.0 48.7 397.9 58.0 42.2
181.6 177.0 46.3 391.2 54.8 43.2
190.1 196.2 42.3 395.2 50.4 42.5
190.1 196.2 42.2 395.2 5004 42.4
198.8 212.7 40.6 400.0 46.8 43.3
208.5 226.6 37.7 400.2 4304 43.4
PSD15R 121.3 46.4 85.3 397.5 88.3 48.6
137.1 79.2 83.0 401.8 80.3 51.4
151.3 115.3 72.6 397.1 71.0 51.5
165.2 129.2 61.7 385.3 66.5 48.2
179.9 158.5 56.0 399.4 60.3 46.5
195.0 177.6 49.4 396.6 55.2 45.2
208.0 195.1 43.8 402.5 51.5 42.3
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Table 7. NO Conversions and N20 Selectivities of the various Catalysts with 8%
H20 addition to Dry Conditions
Sample # Temperature NO N20 NO NO N20
Outlet Cone. Outlet Cone. Inlet Cone. Conversion Selectivity
tC) (ppm) (ppm) (ppm) (%) (%)
PSD13R 121.0 16.6 86.8 418.5 96.0 43.2
142.7 43.0 88.0 402.4 89.3 49.0
160.8 118.0 78.3 417.3 71.7 52.3
178.0 139.5 69.2 406.3 65.7 51.9
190.0 152.4 62.4 398.5 61.8 50.7
200.2 170.5 54.5 385.6 55.8 50.6
PSD14R 128.6 16.2 105.6 397.8 95.9 55.3
149.2 85.8 95.0 398.1 78.5 60.8
161.9 147.4 75.0 400.3 63.2 59.3
173.7 187.1 60.9 396.8 52.8 58.1
187.1 221.0 48.4 395.7 44.1 55.4
200.9 245.1 37.2 394.6 37.9 49.8
PSD15R 126.1 25..9 111.7 406.8 93.6 58.6
130.0 4S.7 102.4 396.9 87.7 58.8
150.4 88.0 92.2 409.6 78.5 ' 57.4
167.5 130.0 78.7 408.6 68.2 56.5
180.7 163.2 71.1 410.5 60.2 57.5
195.2 184.1 57.4 387.6 52.5 56.5
208.5 214.8 48.2 393.3 45.4 54.0
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Table 8. NO Conversions and N20 Selectivities of the various Catalysts with 8%
H20 and 400 ppm S02 addition to Dry Conditions
Sample # Temperature NO N20 NO NO N20
Outlet Cone. Outlet Cone. Inlet Cone. Conversion Selectivity
tC) (ppm) (ppm) (ppm) (%) (OA)
PSD13R 113.2 379.5 0.0 380.0 0.1 0.0
125.6 388.5 0.0 391.1 0.7 0.0
139.1 382.8 0.0 391.9 2.3 0.0
156.5 329.5 1.6 388.1 15.1 5.3
170.3 213.0 31.5 395.4 46.1 34.5
185.3 133.0 56.8 393.4 66.2 43.6
207.7 169.8 57.5 393.5 . 56.8 51.4
PSD14R 120.7 350.7 0.0 366.4 4.3 0.0
133.0 325.3 0.0 366.6 11.3 0.0
143.0 291.3 9.4 366.4 20.5 25.0
152.7 240.0 23.3 367.3 34.7 36.5
162.0 165.2 42.3 367.0 55.0 41.9
172.5 62.6 68.2 370.1 83.1 44.4
183.2 85.7 71.6 369.3 76.8 50.5
196.6 107.5 62.7 350.3 69.3 51.6
PSD15R 123.5 383.7 0.0 387.3 0.9 0.0
139.2 356.0 0.0 385.0 7.5 0.0
155.0 222.0 37.4 392.5 43.4 43.9
163.8 133.0 56.9 389.4 65.8 44.4
171.6 18.1 76.8 387.6 95.3 41.6
181.5 24.3 84.4 384.9 93.7 46.8
194.2 40.1 82.7 391.3 89.8 47.1
204.5 49.1 93.7 391.1 87.4 54.8
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Table 9. Metal dispersion me~urementsobtained by chemisorption of carbon
monoxide.
Sample 8Bulk Metal bBulk Pt mass CPt-Rh dPt
number Concentrations fraction CPt Dispersion (%) Dispersion (%)
Pt (wt.%) Rh (wt.%)
PSD13R 0.68 0.12 0.85 42.1 36.5
(Pt Calcined 350°C)
PSD14R 0.66 0.17 0.79 27.3 24.7
(Pt Calcined 425°C)
PSD15R 0.71 0.12 0.85 25.6 24.3
(pt Calcined 500°C)
a. Measurements provided by Galbraith Laboratories analyzed by means of inductively
coupled plasma atomic emission spectroscopy (ICPAES).
b. Calculated from the determined bulk metal concentrations in (a) as,
C = . BulkPt wt%
PI (Bulk Pt wt%)+ (Bulk Rh wt%)
C. Based on total metal present without distinction between Pt and Rh.
d Measured prior to Rh exchange after Pt calcination.
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Figure 1. Schematic diagram ofthe laboratory selective catalytic reduction (SCR) reactor system.
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Figure 2. The effects of 100 ppm S02 addition on catalytic activity, selectivity, and reactor temperature over
monometallic Pt/mordenite catalyst (Pt-Mor 9) as a function time under isothermal operation at Trur=202 °C.
The inlet gas stream (GHSV =5,000 h-I ) consisted of 400 ppm NO, 2.27% H2, 5 % 02, 13 % C02 and 8% H20
in N2.
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Figure 3. The effects of 400 ppm S02 addition on catalytic activity, selectivity, and reactor temperature over
bimetallic Pt-Rh/mordenite catalyst (Pt-Rh-Mor 1) as a function time under isothermal operation at Trur=202
°C. The dry inlet gas stream (GHSV = 10,000 h-1) consisted of 400 ppm NO, 2.35% H2, 5 % 02, 13 % C02 and
8% H20 in N2.
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Figure 4: Elemental Distributions of monometallic Pt-Mordenite and bimetallic Pt-Rh Catalyst
after long-term testing in the presence of H20 and S02. Original magnification of the annular
dark-field image to the left was 500,OOOx.
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after long-term testing in the presence of H20 and S02. Original magnification of the annular
dark-field image to the left was 500,000x.
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magnifications: A. 200,000 times, B. 500,000 times, C. 1,000,000 times. Bright regions such as the area
indicated by the arrow indicate platinum metal particles.
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Figure 10. Relative catalytic activities between samples PSD13R1PSDI4R1PSDI5R
under dry experimental conditions. The dry inlet gas stream (GHSV = 25,000 h-1)
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Figure 11. Relative catalytic activities between samples PSD13R1PSD14R1PSD15R
under wet (dry + 8% H20) conditions.
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APPENDIX
DISCLAIMER
The following is a summary excerpted from "LOW TEMPERATURE SCR
CATALYSTS FINAL REPORT". This report was authored by, Harvey G. Stenger,
Sukwon Choi, Richard G. Herman, Charles E. Lyman, Bala Ramachandran, and John W.
Sale.
At. Project Overview
The primary goal ofthis project was to develop a catalyst capable ofselective
catalytic reduction (SCR) ofnitric oxide to nitrogen at temperatures at or near typical
stack gas temperatures. A secondary goal was to find a reductant other than ammonia
especially if it helped us achieve our primary goal. Such a catalyst, ifused in
replacement ofa hot side SCR catalyst, would greatly simplify the installation ofthe SCR
unit and eliminate many ofthe problems associated with using ammonia.
Commercially available SCR catalysts are comprised ofvanadia on titania, use
ammonia as the NO reductant, and operate most effectively between 500 and 700 OF.
Three major reactions control the operation ofthe commercial catalyst system: Rl - nitric
oxide reduction, R2 - ammonia oxidation, and R3 - ammonium bisulphate formation.
NO +NH3 + 0.2502 -. N2 + 1.5H20
NH3 + 1.2502 -. NO + 1.5H20
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Rl
R2
R3
Operation ofthe commercial catalyst below 500 ~ is not possible because of low
catalyst activity and the formation of~oniumbisulphate (ABS). ABS condenses in
the catalyst pores at temperatures below 400~ and rapidly reduces the activity.
Using hydrogen rather than ammonia as the reducing agent, involves the three
major reactions: R4 - nitric oxide reduction, R5 - hydrogen oxidation, and R6 - nitrous
oxide formation.
NO +H2 -. 0.5N2 +H20
H2 + 0.502 -.H20
NO + 0.5H2 -. 0.5N20+ 0.5H20
R4
R5
R6
To reach our primary goal, it was necessary to formulate a catalyst that has a
higher intrinsic activity than the commercial catalyst and is not hindered by the ABS
reaction. We investigated various metal/support catalyst systems for their low
temperature SCR performance and investigated alternative reductants that can avoid the
problems associated with bisulphate formation. Specifically, transition metals and noble
metals were tested on supports ofvarious zeolites. Alternative reductants included H2,
CO, and hydrocarbons. To conduct these studies, economic and reactor models were
developed and a field test was performed. A final objective ofthis project is to transfer
the technology, through a licensing agreement, to a catalyst manufacturer.
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A2. Task Schedule
To meet the objectives ofthis project, the following seven tasks were completed.
1. Catalyst Screening with Ammonia Reductant
2. Alternative Reductant Testing
3. Catalyst Screening with Alternative Reductant
4. Catalyst Optimization
5. Field Test System Fabrication
6. Field Test Operation
7. Technology Transfer
The schedule for these tasks is shown in Table A-Ion the following page.
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Table A-I. Task Schedule
1/97
1. Catalyst Screening
with Ammonia Reductant
2. Alternative Reductant
Testing in S02 Free Gas.
3. Alternative Reductant
Testing with S02
4. Catalyst Optimization
~ I 5. Field Test - System
Fabrication
6. Field Test - Operation
7. Technology Transfer
A3.a. Results 1997
Task 1: Catalyst Screening with Ammonia Reductant
This task consisted ofpreparing and screening catalysts for NO reduction activity
using ammonia as the reductant. The first series ofcatalysts used 1/16 inch extruded
pellets ofeither mordenite or ZSM-5 zeolite as the catalyst support. The pellets were
purchased from UOP and contained an alumina binder for added strength. The first
catalysts prepared and tested were Pd, Pt, Rh, Ag, and Ce ion exchanged into mordenite.
In each case, ion exchange was carried out with dilute solutions ofthe metal salt
(tetraamine palladium (II) nitrate, tetraamine platinum (II) nitrate, rhodium chloride,
cerium acetate, or silver nitrate) dissolved in 1 liter ofdistilled water to give
approximately 1 wt% metal loading on the mordenite. The amount ofcatalyst was
typically 50 grams per batch. The ion exchange equilibration was carried out for 4-6
days, after which the catalyst pellets were thoroughly washed with distilled water, and
dIied at room temperature for 15 h, at 70°C for 4 h, and subsequently calcined at 500°C
for 15 h.
Testing ofthe catalysts was carried out using a catalyst bed volume of 10 ml in
the quartz tube reactor. The reactant gas mixture consisted of400 ppm NO, 400 ppm
NH3, 5% O2, 13% C02, and the balance N2. When screening was carried out with
moisture present, water was added to this reactant gas mixture so that the moisture
concentration was 8%. Testing for these screening runs were done at a gas hourly space
velocity of 10,000 h- l (which corresponds to a flow rate of 1.67 liters per minute).
Figure A-I is a plot ofNO conversion versus temperature for the 12 catalysts
screened in Task 1. For comparison, one ofthe catalysts tested was a Siemens
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Figure A-I: Results of various catalysts screened in Task 3.
Space velocity = 10,000 hr-!, H20 = 8%, NO = 400 ppm, NH3 = 400 ppm, 02: 5%, CO2: 13%, S02 =0
commercial vanadia/titania catalyst. The catalysts prepared with Pd, Fe, Rh, Ce, Ag, Cu,
Cr, and Co all had poorer activity than the commercial catalyst. Two catalysts, a Pt on
mordenite and a PtlRh mixture on mordenite, both out-performed the commercial
catalyst. In the case ofthe Ptlmordenite catalyst the performance was exceptiona~ with a
conversion of 100% reached at a temperature of248°F. Ofadditional importance is that
the conversion remains near 100% up to a temperature of 575°F.
Various Pt and Rh ratios on mordenite were also tested during this task.
Specifically mixtures of99/l , 97/3 and 94/7 were tested. (The first number is the percent
metal that is Pt and the second is the percent metal that is Rh.) Each catalyst contained
approximately the same amount ofmetal total (1%). However, none ofthese mixtures
were found to be superior to the pure Pt on Mordenite catalyst.
A3.b. Results 1998
Task 1 was continued in 1998, where the focus for the first six months was to
study Ptlmordenite and Pt/ZSM-5 in more detail and to investigate the influence ofS02
on the activity ofthe catalysts. The various Ptlmordenite and PtlZSM5 catalysts were
also studied to understand the effect ofthe alumina binder. Since this binder may be
unstable in a higWy acidic environment, powdered mordenite and ZSM-5 zeolite were
used to eliminate the influence ofthe alumina binder. It was found that the catalysts
without binder performed slightly poorer than those with binder, in both the mordenite
and ZSM5 cases. It was also found that the mordenite catalysts had superior activity to
the ZSM5 catalyst as shown in Figure A-2. Thus future studies were conducted with
70
-lK- Pt-Mor IV**
-.. Pt-Rh-Mor(99/1) (1.85%)
--Ir- Pt/Mor(0.96%)
-+- Pl-ZSM·5
__ Pt-Mor 1(1.3%)
-.-Pt-Mor III (Silica Binder)*
-+- Pt-Mor II (0.8%)
__ Pt-MorIV
300275250
-+- Pt-ZSM-5(1I)
-----$- Pl-Mor(VII)
22520017515012510075
100
90
80
70
-~0
- 60
c
0
.~ 50
~ 40c
0
0
30
20
10
0
50
--:J
-
Reaction Temperature (oC) * SV: 14305 h-1
** SV: 29410 h-1
Figure A-2: Comparison of active catalysts for NOx reduction.
Space velocity = 10,000 hr-l , H20 =8%, NO =400 ppm, NHJ =400 ppm, O2: 5%, CO2: 13%
alumina bound mordenite support, knowing that support stability must be addressed in
the full-scale catalyst system.
The effect ofS02on the activity ofthe pellet-form ofPt mordenite (Pt-Mor(I»
was next investigated. As shown in Figure A-3 approximately 88% NO reduction was
achieved at 257°F (125°C) with ammonia when no S02 was present in the reactants.
However, when as little as 24 ppm S02 was present, no NO conversion was observed at
this temperature. As shown in Figure A-3, as the S02 concentration increased, the
reaction temperature to achieve a designated level ofNO reduction, e.g. 75%, increased
progressively.
The deactivation characteristics ofthe Pt/mordenite catalyst was studied in an
extended run of 5000 minutes. This run was conducted using a repeat preparation ofthe
original Pt/mordenite catalyst in the presence ofS02 and H2S04. Figure A-4 shows the
results ofthis run. A rapid loss ofactivity was observed in the first 300 minutes followed
by a gradual deactivation over the next 4000 minutes. At approximately 3500 minutes
and later, the catalyst appears to have reached a constant activity at a conversion level of
approximately 30%. Also shown in Figure A-4 are points taken with S02 turned offand
with water and S02 turned off When S02 is turned off: the conversion approximately
doubles, and when both the S02 and water are turned off, the conversion reaches 100%.
This indicates the poisoning effect is somewhat reversible. _ .
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Task 2: Alternative Reductant Testing in 802 Free Gas
This task consisted ofprobing the use ofalternative reducing agents to take the
place ofammonia and was carried out in mid-1998. Based on other published work,
three alternatives were tested: carbon monoxide (CO), propane (C3Hs), and hydrogen
(H2). The results ofthese tests are show n in Figure A-5. These tests were done with a
PtlMor catalyst similar to PtlMor(l). The gas contained moisture (8%), but no S02.
Although propylene and carbon monoxide did not show good promise, hydrogen was
extremely effective in reducing NO. Hydrogen as the reducing agent was also tested
with a vanadia catalyst. At temperatures between 350 and 400 OF, almost zero
conversion was observed for the vanadia catalyst, compared to conversions of50 to 80%
when using ammonia over the same catalyst at the same conditions as shown in Figure A-
6.
Task 3: Alternative Reductant Testing with 802
The use ofhydrogen with the Pt/Mor catalyst was then tested with S02 present in
the gas stream. While stable conversions for over 2000 minutes were obtained at low
S02 concentrations (36 ppm) as shown in Figure A-7, at higher concentrations ofS02
(>1OOppm), rapidly poisoned the PtIMor catalyst, thus reducing it's potential as a viable
catalyst in coal derived flue gases.
The next catalyst chosen for testing was Pt-RhlMor. This catalyst had poorer
activity than PtIMor when using ammonia as the reducing agent; however, it had not been
tested with hydrogen. Earlier work by Stenger and Lyman had shown this catalyst to
have high NO reduction activity with hydrogen, thus leading us to the next series oftests.
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Figure A-8 shows a plot ofNO conversion versus time for the Pt-Rh/Mor catalyst. In this
run, the activity ofthe catalyst remained stable for over 4500 minutes.
A3.c. Results 1999
Task 4: Catalyst Optimization
This task consisted ofoptimizing the Pt/Rh mordenite catalyst system and was
conducted for much of 1999. The parameters for optimization were the support type, the
preparation method, the Pt to Rh ratio, and basic metal promoters.
The support type was varied between mordenite pellets, which contained an
alumina binder and a powdered mordenite, which was free ofalumina. The results of
these tests are shown in Figure A-9, and are labeled Pt-Rh-Mor(I)[H2=2%] and Pt-Rh-
Mor(V)[H2=2%]. Catalyst I was with the mordenite alumina pellets and catalyst V.was
with the powdered mordenite without binder. Both catalysts contained a Pt to Rh ratio of
95/5 and a total metal loading ofapproximately 1%. Clearly the activity ofthe catalyst
with binder was superior and was chosen for all further work. We are still concerned with
the long-term stability ofthe alumina binder; however its superior activity makes it the
best choice.
Preparing one catalyst with consecutive exchanges ofPt and Rh and one with Pt
and Rh co-exchanged tested the method ofpreparation. When consecutive exchanges
were used the catalyst was dried and calcined (heated to 500°C for 15 hours) after the
fIrst and second exchanges. For the co-exchanged catalyst it was calcined after the co-
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exchange. These preparation methods can result in different metal alloy morphologies
that can have different activities. The co-exchanged catalyst also has an advantage that it
simpler to make, although its spent exchange liquid is more difficult to recycle. The
results ofthese tests are shown in Figure A-9, and are labeled Pt-Rh-Mor(94/6) and Pt-
Rh-Mor(94/6, Co-X). The activities ofthese catalysts were comparable, with each
having a different advantage. The co-exchanged catalyst reached its maximum
conversion (72%) at a slightly lower temperature (387 OF vs. 397 OF) than the
consecutively exchanged catalyst. However, the consecutive exchange produced a higher
peak conversion (79% vs. 72%). The increased conversion was decided to be the better
advantage and was chosen for all further preparations.
The Pt to Rh ratio was tested next using two catalyst preparations, one with a Pt-
Rh ratio of94/6 and one with a ratio of99/1. The results ofthese two preparations are
shown in Figure A-9 and are labeled Pt-Rh-Mor(94/6)and Pt-Rh-Mor(9911). The
99/lcatalyst's activity was significantly poorer than the 94/6 catalyst. To examine lower
Pt to Rh ratios, a catalyst was prepared with the same metal loading as the 94/6 catalyst,
but with a ratio of80/20. The activity ofthis catalyst is shown in Figure A-I0 and is
labeled Pt-Rh-Mor(X). The performance ofthis catalyst was significantly better than any
catalyst yet prepared. Figure A-IO shows that with an S02 concentration of 1560 ppm, a
hydrogen concentration of4600 ppm, and a space velocity of7,125 l/hr the peak
conversion was 81% at a temperature of348°F.
The final step in the optimization procedure was to test the effect ofadding a
basic promoter to the catalyst (sodium). This promoter was expected to neutralize the
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acidity ofthe mordenite support, which may have an impact on reducing the rate of
hydrogen oxidation and thus improving the catalyst's performance. The results from the
sodium promoted catalyst are shown in red in Figure A-I0, and indicate that the addition
ofsodium reduces the catalyst's activity. Therefore sodium addition was not used in
further catalysts.
In summary this task concluded that the best catalyst was made with a pelleted mordenite
containing alumina binder, at a Pt to Rh ratio of80/20, prepared by consecutive.
exchanges, and did not contain a basic metal promoter. The expected performance ofthis
catalyst under gas conditions shown in Figure A-lOis an NO conversion of 81% at
348°F.
The final experiments in this task were used to determine the effects ofgas phase
composition on the catalyst activity. Figures A-II, 12, 13, 14, and 15 show the
dependence ofthe NO reduction rate on the concentration ofNO, H2, 802, H20, and 02.
As expected, the rate increases with increasing NO and H2 concentration and decreases
with increasing H20 and 802concentrations (inhibitors). The effect of02 is not
unidirectional and depends upon temperature. At higher temperatures O2 depresses the
NO rate (it accelerates the H2 burning reaction) and at lower temperatures it enhances the
NO rate.
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Figure A-10: Activity of best Pt-Rh/mordenite catalysts under various conditions.
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Figure A-12: Effect ofH2concentration on Pt-Rh-Mor(X) activity.
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Figure A-14: Effect of water concentration on Pt-Rh-Mor(X) activity.
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Figure A-IS: Effect of oxygen concentration on Pt-Rh-Mor(X) activity.
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Task 5: Field Test - System Fabrication
This task consisted ofdesigning and fabricating the complete reactor/analysis
system for field-testing a pilot plant size batch ofcatalyst and preparing the catalyst
batch. The system included a Roots-Dresser Model 24 universal RAJ rotary blower for
controlling the gas flow ofthe flue gas and a Chromalox 9 KW furnace for accurate
control ofthe flue gas temperature as it entered the reactor. An auto-tuned Honeywell
Pill controller controlled the furnace. The internal dimensions ofthe stainless steel
reactor were 8 inches in diameter and 22 inches in height.
A schematic ofthe field test reactor/analysis system is shown in Figure A-16. There
were three horizontal thermocouples that were spaced from near the bottom ofthe reactor
to near the top ofthe reactor. The piping from the exhaust gas duct consisted of2-inch
schedule 40 stainless steel pipe. The gas flow was measured using a calibrated orifice
meter and a Dwyer electronic differential pressure gauge. To protect the heater, a low-
flow cut-offswitch was installed that would turn off the heater ifthe gas flow dropped
below a minimum (adjustable) value.
The analytical end ofthe system consisted ofa Siemens Ultramat 6 NDIR unit for
measuring NO and N20 levels in the gas stream and an Ultramat/Oxymat 6 unit for
measuring S02 and O2levels. The detectors were set for the following ranges: 0-400
ppm NO, 0-30 ppmN20, 0-3000 ppm S02, and 5-15 vol% O2• Before the gas entered the
-
analyzers it had a majority of its moisture removed in a condenser maintained at
approximately 5°C. A photograph ofthe unit after installation is shown in Figure A-I?
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Figure A-16: Field Test Unit Schematic
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Fourteen kilograms ofcatalyst were needed for the field test. Because ofpressure drop
concerns the catalyst pellet size was increased from 1/16" to 1/8". The mordenite for the
field test was obtained from UOP, the same supplier that provided our 1/16" pellets. The
apparatus used to prepare the large batch was similar to that used for preparing the
laboratory catalyst batches except much larger. Four - 10 gallon polyethylene tubs were
used for the ion exchange. Each tub held one-quarter ofthe 14 kilograms ofcatalyst.
The tubs were agitated using magnetic stirrers. The Pt exchange was conducted for 3
days, followed by calcination at 500°C for 15 hours. The Rh exchange was then
conducted for another 3 days, followed by another calcination at 500°C for 15 hours.
The activity and metal loading on this catalyst (FT2) was then tested and found the Rh
content was low and the activity was below that obtained from a small-scale batch of
catalyst (FT1) made with the same 1/8" pellets. It was also noted that the 1/8" catalyst
was less active than the 1/16" catalyst (Figure A-I 0). For the 1/16" catalyst, a conversion
of 81% was achieved at 350 OP and a space velocity of7,125 1/hr versus 55% at 5,000
1/hr and 350 OF for the 1/8 catalyst. Therefore a second Rh exchange was conducted on
the large batch. The activity ofthis second exchanged catalyst (FT3) was tested, and
although it was still not as good as our best small batch ofcatalyst we decided to run it in
the field-test unit. A second batch ofcatalyst was impractical because ofboth cost and
lack oftime. The activities ofthese three catalysts (FT1, FT2, and FT3) are shown in
Figure A-IS.
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Figure A-18: Activity of catalysts on 1/8" pellets. FT3 was used in Field Test.
Space velocity =5,000 hr-1, H20 =8%, NO =400 ppm, H2=0.72%, O2=5%, CO2= 13%, S02 =400 ppm.
Task 6: Field Test - Operation
This task consisted ofstartup, shakedown, and operation ofthe field test unit
from the beginning ofOctober to the end ofDecember 1999. The majority ofthe run
time was collected during the day, when the unit could be attended continuously. The
later period oftesting was done around the clock working three shifts. The field test
unit was at the PPL Martins Creek plant for 90 days, during which time 12,600 minutes
ofrun time were logged on the catalyst. While this was less time than we had hoped
for, we do believe the results met our objective. The resuhs from these tests are plotted
in Figure A-19 and 21.
During the first 3000 minutes, higher than anticipated temperature rises were
observed in the reactor. With an entering temperature ofapproximately 340 OF, the
exiting temperature was close to 500 OP. Two causes for this were incorrectly metered
hydrogen and a large heat ofreaction due to a large catalyst volume. We corrected
these problems by recalibrating the flue gas and hydrogen flows, and removing halfof
the catalyst volume. Also during this period, NO conversions were only 10 to 15%.
These lower conversions were either the cause ofpoor gas distribution (something we
were concerned by from the beginning) or the excess exiting temperatures (because the
catalyst performance becomes worse at temperatures above 400 OP - see Figure A-IS).
Between 3000 and 6000 minutes the catalyst was run with little variation in
operating parameters (gas flow, hydrogen flow, and inlet temperature) but at slightly
higher inlet temperatures (380~. These higher inlet temperatures were permitted
because ofthe smaller catalyst loading. The conversion during this period began
between 35 and 40% but decreased to approximately 20% at 6000 minutes. Although
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Figure A-21: Deactivation of Field Test catalyst at laboratory conditions
the performance improved with our changes at 3000 minutes, we still were not at the
conversion levels anticipated (45 to 50% as shown in Figure A-18).
Between 6000 and 7000 minutes we systematically varied the inlet temperature
from 360 to 410 OP. This resulted in a peak conversion of approximately 37%. At 7000
minutes a new gas distributor plate (made of sintered rather than perforated metal) was
installed at the inlet of the reactor. This was done to improve gas distribution across the
catalyst bed. Also two static mixers were added in the two inch pipe between the heater
and the reactor to improve hydrogen mixing with the flue gas. We also changed the
blower to motor pulley ratio so as to run at lower gas flows. This was done to decrease
the space velocity and increase conversion. Also during this shutdown, we divided the
bed into two halves, placing one near the top and one near the bottom ofthe reactor, to
provide a more uniform temperature in the bed. This configuration was run for the
remainder of the field test. Between 7000 and 8600 minutes results were still not as
good as expected. Therefore we decided to operate the unit continuously for 4000
minutes. This would allow us to avoid the startup and shutdown periods, where little
useful data was obtained each day. The low conversion point at 9000 minutes was
during our heat up period. From 9500 to 12700 minutes the unit was run with nearly a
constant inlet temperature of390 OP. During this period the conversion ranged between
25 and 35 %.
Because ofthe uncontrolled nature of--the field test (varying 02 and NO levels) it
is difficult to determine if the catalyst was deactivating, and if it was, it is almost
impossible to measure the deactivation rate. Therefore samples ofcatalyst taken at 3000,
7000, and 12,600 minutes were taken to the lab and analyzed for their activity under
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standard conditions. The results of these tests are shown in Figures A-20 and 21. Figure
A-20 shows conversion versus temperature for the four catalyst samples from the field
test. It also shows a plot ofthe catalyst after 7000 minutes tested at the plant conditions
(higher oxygen and higher sulfur dioxide conditions). The deactivation curve in Figure
A-21 shows that after the first 8000 minutes the activity ofthe catalyst has stabilized.
Analytical electron microscopy was used throughout the entire project to
characterize active catalysts and to reveal the nature ofcatalyst deactivation and using a
dedicated scanning transmission microscope (STEM: VG Microscopes HB-603). The
results from these analyses provided in Figures A-22, 23, and 24, revealed that catalysts
exhibiting larger particles were more highly active for NO reduction when using either
NH3 or H2, and the S02 poisoning was caused by a sulfur species preferentially
interacting with Pt.
Task 7: Technology Transfer
This task involved discussions with three potential catalyst manufacturers -
Siemens, Cormatech, and Englhardt. Several meetings were held with each company
where licensing and/or partnerships were discussed. Although most of our early efforts
were focused on Siemens, we concluded that they would not be the best company to
partner with for various reasons. In particular we were concerned with their lack of
experience with noble metal catalysts and their extremely difficult review of any contract
proposals we offered. The most promising relationship appears at this time to be with
Englhardt. They have asked us to submit a proposal for research and development
funding and have shown sincere interest in helping develop our catalyst. Their
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Elemental Distributions
Figure A-22: Elemental Distributions of monometallic a fresh Pt-mordenite catalyst
[Pt-Mor(I)]. Original magnification of the annular dark-field image to the left was
50,000 and 500,000x, respectively.
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Figure A-22: Elemental Distributions of monometallic a fresh Pt-mordenite catalyst
lPt-Mor(I)]. Original magnification of the annular dark-field image to the left was
50,000 and 500,000x, respectively.
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Figure A-23a: STEM images of fresh Pt-mordenite catalyst [Pt-Mor(I)]. Original
magnification ofthe bright-field and annular dark-field images was lOO,OOOx.
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Figure A-23a: STEM images of fresh Pt-mordenite catalyst (Pt-Mor(I)]. Original
magnification of the bright-field and annular dark-field images was 100,OOOx.
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Figure A-23b: X-ray spectra of fresh Pt-mordenite catalyst [Pt-Mor(l)) from regions
marked in Figure A-23a.
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Elemental Distributions
Figure A-24: Elemental Distributions ofPt-mordenite catalyst [Pt-Mor(I)] after
long-term testing in"the presence of H20 and 802 using NH3 as the reductant.
Original magnification of the annular dark-field image to the left was 200,000 and
500,000x, respectively
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Elemental Distributions
Figure A-24: Elemental Distributions of Pt-mordenite catalyst [Pt-Mor(I)] after
long-term testing in the presence of HzO and SOz using NH3 as the reductant.
Original magnification of the annular dark-field image to the left was 200,000 and
500,000x, respectively
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experience in noble metal catalysts and their close locatio~ make them good candidates
as partners.
A4. Conclusions
The successes ofthis project include:
• Formulating a catalyst capable ofreducing NO at temperatures below 250 of with
hydrogen when no sulfur dioxide is present in the gas stream (Selective Catalytic
Reduction with Hydrogen - SCRH)
• Formulating anSCRH catalyst capable ofreducing NO at temperatures below 400
OP when a large amount ofsulfur dioxide is present in the gas stream.
• Optimizing the formulation ofthis low temperature SCRH catalyst to achieve
over 80% conversion at 350 OP at a space velocity of?,125 1/hr, an S02levei of
1560 ppm and hydrogen feed rate of4600 ppm.
• Building an automated and controlled field test unit capable oftesting 0.5 cubic
feet ofcatalyst at gas flow rates up to 100 scfin.
• Preparing a 0.5 cubic foot batch ofcatalyst and testing it in real flue gas.
Unfortunately the performance ofour large catalyst batch was significantly below
that ofour laboratory scale catalysts. We believe the preparation method could have
been better, but we had only one chance to make the catalyst. The time ofpreparation
and the cost of the batch prohibited a second trial.
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-AS. Future Work
It is imperative that we understand why our scaled up catalyst batch did not
perform as expected. Once that is determined and corrected, a second batch ofcatalyst
should be prepared and tested. It is also critical that we involve a catalyst manufacturer
to help with this second batch ofcatalyst
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